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Fig. 2. Relationship between respiratory rate and AGH+ in steady state during titrations with respiratory inhibitors
The medium composition was as follows : 0.15 M-sucrose, 30rn~-KCl, 1OmM-choline chloride, 10mM-succinate/Tris, lOmM-Tris/Mops, 3mM-P,/Tris, 2pM-rotenone, 0.1 mM-EGTA and 2mg of rat-liver mitochondria/ml; pH7.4. Temperature 25°C. Respiration was stimulated by 0.5 m~-ADP ( 0 ) in the presence of 1 mM-EDTA, by 20pmol of FCCP/mg (0 ) or by 6Opmol of FCCP/mg (0). When the respiration was stimulated by ADP or by 6Opmol of FCCPlmg, malonate at a concentration between 0 and 5 m~ was used as inhibitor. When respiration was stimulated by 20pmol of FCCP/mg the inhibitor was antimycin at a concentration between 0 and 12pmol/mg. range. Furthermore, the experiments in Fig. 1 cannot be explained simply on the basis of a strict ApH+ control of p hosp horylat ion.
The results of Figs. 1 and 2 may then be considered to support the following model. The redox-and ATP-driven H + pumps are considered to operate in sets of discrete coupling units (implying either structural or functional segregation), each comprising one or a few pump complexes ofeach kind (Westerhoffetal., 1984) . Within these coupling units a localized H + electrochemical gradient, AXH+, exists, due to the activity of the primary proton pump, which drives ATP synthesis. AxH+ does not _come to equilibrium with the bulk-to-bulk gradient, ApH+, because of a resistance to equilibration. The structural or functional features giving rise to this resistance are open to speculation. The effect is however that of maintaining under steady-state conditions a difference betwee2 the values of AxH+ for the individual coupling units an_d ApH+. Variations of AX,+ are reflected by variations of ApH+ and vice versa, but in a 'dam ed' manner. The parameter controlling respiration is A! "+. Since ATP synthesis dissipates directly AX^+, while uncouplers-act on ApH+, the variation ofAXH+ is greater than that of ApH+ in the case of phosphorylation, while the opposite is true in the case of uncoupler-stimulated respiration. Hence the discrepancy of Fig. 1 . As for Fi 2, inhibition of a primary pump leads to a lowering of aH+ with consequent abolition of ATP synthesis in the coupling unit. On the other hand the low rate of-H + leakage leads to a small depression of the bulk-to-bulk ApH+, which remains in partial equilibrium with the values of AXH+ for the still active coupling units. It is only when_the rate of proton back-leakage, and hence of direct ApH+ dissipation, is increased by addition of uncoupler that inhibition of respiration is accompanied by a marked decrease of the electrochemical proton gradient (Fig. 2) .
The situation may be represented by an electrical circuit which is detailed elsewhere (Westerhoff et al., 1984).
apparent. The present concern is whether these features can be accommodated within a mechanistic ~~f i m~~e n t of Mitchell's chemiosmotic theory (Mitchell, 1966) or alternatively whether oxidative phosphorylation is catalysed in a fundamentally different way from that envisaged in this theory. In this paper we briefly consider some thermodynamic aspects that have raised this question, and then turn to some of the kinetic aspects of oxidative phosphorylation that are currently under discussion.
electrochemical proton gradient in units of mV). al., 1979; Ferguson & Sorgato, 1982) .
Thermodynamic considerations
Strictly speaking, verification of the chemiosmotic theory thus requires independent estimates of H + / A T P and Ap for comparison with AG,. Unfortunately estimation of both these is difficult and so the failure of experimental data to be consistent with the above equation is not necessarily a contradiction of the chemiosmotic theory. What is disturbing is the set of reports (see, e.g., Azzone et af., 1978; van Dam et a f . , 1978; Wilson & Forman, 1982) that describe how controlled attenuation of Ap is often not accompanied by corresponding changes in AG,. In another experimental system, inside-out vesicles from Paracoccus denitrijicans, attenuation of Ap by titration with a protonophore also results in less than proportional changes in AG,,, although the discrepancy was less than reported for mitochondria (McCarthy & Ferguson, 1983) . Perhaps even more striking is the finding that in these vesicles the presence of the nitrate anion causes considerable reduction in Ap without corresponding change in AGp (Kell e t a f . , 1978; Parsonage & Ferguson, 1984) . Compatability with the chemiosmotic theory could be achieved in all these instances by the postulateof variable H +/ATP ratios, but it is more probable that these sets of experimental data will find their uliimate explanation in terms of either the inadequacy of certain experimental methods or of the chemiosmotic theory. Full discussion of these matters is not possible here but will be presented elsewhere (S. J. Ferguson, unpublished work) .
During oxidative phosphorylation the steady state value of Ap is determined by relative rates of electron-transportlinked-proton translocation and of proton backflow down the proton electrochemical gradient. There is now considerable evidence to show that Ap remains almost constant over a wide range of electron-transport rates (see, e.g., Ferguson & Sorgato, 1982) . This finding is in accord with our recent demonstration that with P . denitrijicans membrane vesicles inhibition of the rate of NADH oxidation by up to 80% did not cause any change in the value of AG, that was generated (D., Parsonage & S. J., Ferguson, unpublished work) . It is noteworthy that small changes in AG, are readily detectable because they require relatively large changes in the concentrations of ATP, ADP and PI which contribute to AG, through the logarithmic term. Thus provided AG, approaches its equilibrium value with Ap, the absence of any decrease in AG, as the electron-transport rate is lowered argues against any possibilit-i that the probes for membrane potential and ApH are illsufficiently sensitive to detect decreases in Ap that might hz ve accompanied inhibition of electron transport.
The underlying mechanism whereby hc,moeostasis of Ap is achieved (see, e.g., Ferguson & Sorgato, 1982; Jackson, VOl. 12 1982; Pietrobon et af., 1982) is not of major concern here, but the requirement for such homoeostasis is not difficult to imagine. If variations in the rate of electron transport were accompanied by directly proportional changes in Ap, as would be the case if the passive resistance of the bacterial or inner mitochondrial membrane was ohmic in character, then the value of AG and the extent of other endergonic processes that are bekeved to be driven by Ap, including active transport, would fluctuate widely with deleterious consequences for the maintenance of cellular viability.
In thermodynamic terms it is only the observations of variations in Ap without the corresponding changes in AG, that might pose a challenge to the chemiosmotic theory. The homoeostasis of Ap, whilst presenting no thermodynamic problems, might, as discussed below, pose in turn a problem for understanding the steady-state kinetics of oxidative phosphorylation within a chemiosmotic framework.
Kinetic considerations
At first sight it seems entirely predictable that as the rate of mitochondrial or bacterial electron transport decreases, the rate of ATP synthesis should show proportionate changes, thus keeping the P/O ratio unchanged. Indeed this result has been observed experimentally in several systems (Ernster & Nordenbrand, 1974; Clark et a/., 1983; Mandolino et al., 1983 ; D., Parsonage & S. J. Ferguson, unpublished work) . However, the maintenance of a constant P/O ratio places a constraint on the chemiosmotic mechanism because reductions in the rate of electron transport are accompanied by at most slight and sometimes even no detectable changes in the magnitude of Ap (see, e.g., Sorgato et af ., 1980; Ferguson & Sorgato, 1982; Zoratti et al., 1982; Clark et al., 1983 ; Mandolino et af., 1983). As discussed earlier this latter characteristic accounts in turn for homoeostasis of AG,. The kinetic question, therefore, is how, when Ap which is the immediate driving force for ATP synthesis alters so little, the rate of ATP synthesis varies very exactly in order to match proportionate changes in the rate of electron transport. There are two possible extreme explanations to consider. The first is to argue that the mechanism of conversion of Ap into ATP synthesis is such that quite tiny changes in Ap bring about large changes in the rate of ATP synthesis (see, e.g., Ferguson & Sorgato, 1982; Clark et al., 1983) . Indeed, one might go further and argue that as homoeostasis of Ap and AG, over a range of electron transport rates is essential for the survival of cells under a variety of different nutritional states, the mechanism of the ATP synthase has had to evolve to permit very small changes in Ap to be translated into large changes in the rate of ATP synthesis. At this point, we might also consider the question of how control over the utilization of Ap by different processes, e.g. ATP synthesis versus active transport in bacteria, might be achieved. It is possible that the rate of solute transport is less sharply dependent upon Ap than the rate of ATP synthesis [see, e.g., rate of lactose uptake as a function of Ap reported by Robertson et al. (1979) l. If this is the situation one might imagine that if Ap tended to drop the rate of essential nutrient uptake, from which ATP could be subsequently made, will be less affected than the rate of ATP synthesis.
The second explanation for the apparent virtual independence of the rate of ATP synthesis from the magnitude of Ap strictly applies only when there is no detectable change in Ap. In that case it is difficult to avoid suggesting that the rate of ATP synthesis is controlled not only by Ap but also by other factors (see, e.g., Sorgato et al., 1980; Ferguson & Sorgato, 1982; Zoratti et af., 1982; Mandolino et al., 1983) . The problem here is to define what those other factors might be [but see Azzone et af. (1984) l. Nevertheless, at this point we should recall that the maximum value of AGO (the static head condition) does not fall upon substantial attenuation of the rate of electron transport (see above). In this case, but provided that the value of AGp reached is close to equilibrium with Ap over the entire range of rates of electron transport studied, we are left with the uncomfortable problem that measurements of both Ap and AGp indicate essentially no change in Ap whilst the rate of ATP synthesis has fallen substantially. Further investigation of this matter appears warranted.
In the overall process of oxidative phosphorylation it might be expected that experimental conditions could be arranged in which either the generation of the protonmotive force by the electron-transfer chain, or the utilization of the protonmotive force by the ATP synthase, might be ratelimiting. Since the protonmotive force is by definition a pool intermediate, that is replenished by all electron-transfer chains and dissipated by all ATP synthases in a given mitochondrion or vesicle, a decrease in the rate of electron transfer through addition of an inhibitor might result in sufficient excess capacity amongst the ATP synthases that the initial titres of an inhibitor of the latter would have little effect on the overall rate of ATP synthesis. In practice it is found that whatever the extent of inhibition of electron transport, the shape of a subsequent titration with an ATP synthase inhibitor is unaltered (see, e.g., Parsonage & Ferguson, 1982; Hitchens & Kell, 1982) . This type of result has been interpreted to mean that the intermediate between electron transport and ATP synthesis is not as delocalized as the very nature of Ap would imply (see, e.g., Hitchens & Kell, 1982) . However, alternative suggestions have been advanced to explain the data (Ferguson & Sorgato, 1982; Parsonage & Ferguson, 1982; Clark et al., 1983) . Essentially these all imply that as Ap is not saturating for the ATP synthase under usual experimental conditions then inhibition of electron transport might always cause sufficient decreases in Ap (however small) to reduce the rate of ATP synthesis. Under these circumstances the electron-transfer chain would probably never become the decisive rate-determining step in the overall process of oxidative phosphorylation and thus deductions from the use of an ATP synthase inhibitor in combination with an electron-transfer inhibitor must be treated cautiously.
A prerequisite for understanding the double-inhibitor titrations described in the previous paragraph is to determine the full consequences of using one inhibitor alone. The effects of electron-transfer inhibitors not only on the rate of ATP synthesis but also on Ap have been studied, but less is known about the effects of an ATP synthase inhibitor. Ap is lowered in most systems (see, e.g., Kell et al., 1978) upon commencement of ATP synthesis. Therefore when an inhibitor of the ATP synthase is introduced to a system catalysing oxidative phosphorylation there should be a tendency for Ap to rise towards the value observed in the absence of ATP synthesis. But if the rate of ATP synthesis catalysed by the ATP synthase enzyme rises very sharply as Ap is slightly increased (see above, and e.g., Clark et al., 1983) , then those ATP synthases which do not have the inhibitor bound should increase their turnover rate. Thus a titration of the rate of ATP synthesis by an inhibitor of the ATP synthase might be rather complicated. It is certainly possible that the extent of inhibition of ATP synthesis by a given titre of such an inhibitor might be less than the extent of inhibition of ATP hydrolysis measured in the absence of Ap, and also not directly proportional to the fraction of the ATP synthase molecules that have inhibitor bound. In general terms, this description could account for the shape of a titration of the rate of mitochondria1 ATP synthesis with oligomycin. It has often been observed (see, e.g., Lardy et al., 1964; Zoratti et al., 1982) that the initial additions of oligomycin cause little inhibition so that the overall titration tends towards a sigmoidal shape. Lardy et al. (1964) suggested that this result indicated that a delocalized intermediate connected electron transfer to ATP synthesis, whilst Zoratti et a/. (1982) mentioned that it might be indicative that the ATP synthase was not the rate-limiting step in oxidative phosphorylation catalysed by mitochondria. The alternative explanation for such a sigmoidal titration profile discussed in the present paper renders equivocal a conclusion about a rate-limiting step.
Possibly the least ambiguous comparison of the effect of an inhibitor on the rates of both ATP synthesis and ATP hydrolysis was made using vesicles from P . dmitrlficans and the well-defined inhibitor 4-chloro-7-nitrobenzofurazan (Ferguson et al., 1974) . It was found that this compound, which modifies an essential tyrosine on the F , segment of the ATP synthase (Ferguson et al., 1975) , caused parallel inhibition of both reactions (Ferguson et al., 1974) . N o measurements of Ap were made. Thus this experiment may bear extending in order to determine whether under conditions of partial modification by this compound the putative increased Ap was incapable of increasing the rate of ATP synthesis by the unmodified enzymes to at least partially compensate for the inhibition of that fraction of the total enzyme population that had been chemically modified.
Until the effects of inhibitors of the ATP synthase acting alone are comprehensively understood the interpretation of double-inhibitor experiments on oxidative phosphorylation will remain difficult. Titrations of the rate of ATP synthesis do not always tend towards a sigmoidal dependence on the amount of added inhibitor of the ATPase synthase (see, e. g., Ferguson et al., 1974; Ferguson & John, 1977; Hitchens & Kell, 1982) , seemingly contrary to the analysis put forward in the present paper. When these data are understood, it should be possible to comprehend whether the shapes of double-inhibitor titrations indicate either a role for localized processes in energy transduction (see, e.g. Hitchens & Kell, 1982; Kell& Hitchens, 1983 ; Azzone et a/., 1984)or aspects of the mechanistic dependence of the activity of the ATP synthase on Ap.
The topics selected for discussion in the present paper are meant to convey some of the remaining problems concerning oxidative phosphorylation that recent experimental work has raised. A resolution of these problems is needed, at the very least, to place the kinetic aspects of oxidative phosphorylation on a secure basis within the overall framework of the chemiosmotic theory.
